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ABSTRACT

An exact method is presented for the design ol band-stop filters
consisting of stubs and quarter-wavelength connecting lines. Using
this method a low-pass prototype circuit is chosen, and the transmission-
line band-stop filter derived from the prototype will have a response
that is an exact mapping of the prototype response. In theory the
stop band can have any width, but if the stop band is very narrow the
stub impedances become unreasonable. In such cases it is found to be
desirable to replace the stubs by capacitively or inductively coupled
resonators of reasonable impedance. This introduces an approximation
but gives very good results. The design of filters having three-quarter-
wavelength spacings between resonators is also discussed. This latter
case is of interest for the design of waveguide bLand-stop filters where
it has been found to be desirable to separate the resonators by three
quarter-wavelengths in order to avoid interactions between the fringing

fields at the coupling irises.

A review of the procedure employed in the establishment of the
parameters and dimensions of magnetically tunable filters is given.
Charts and graphs are presented which enable a designer to arrive at
the dimensions of the circuit elements, including the ferrimagnetiec
resonators, in order to give a specified band-pass frequency response.
Circuit structures are presented which appear or which have proved to
be very promising for practical applications. Two typical examples are
given of the deéign of two-resonator band-pass filters, one of which
employs a waveguide and the other a strip-transmission-line coupling
circuit. Finally, the performances of two side-wall-coupled strip-
transmission-line filters, one containing two resonators and the other
three, are discussed. The results are compared with a previous version
of the two-resonator side-wall-coupled filter and with a previously

developed overlapping line version.
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PURPOSE OF THE CONTRACT

This contract continues the work of Contracts DA 3A-039 SC-64625,
DA 36-039 SC-63232, and DA 36-039 SC-74862 to develop new design techniques
for waveguide, strip-line, and coaxial-line microwave components, and to
prepare a handbook on techniques for microwave filter design.
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CONFERENCES AND TECHNICAL PAPERS

Conferences

On September 17 and 18, 1962 Mr. W. P. Dattilo of USAERDL visited
Stanford Research Institute and discussed the course of this research
with Dr. G. L. Matthaei, Dr. P. S. Carter, Jr., Mr. B, M. Schiffman
and Dr. E. G. Cristal.

Technical Papers

Leo Young, “Prediction of Absorption Loss in Multilayer Interference
Filters,"” Jour. of the Optical Society of America, vol. 52, pp. 753-761
(July 1962).
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I INTRODUCTION

In Quarterly Progress Report 3 on this contract, an approximate
method for the design of band-stop microwave filters was presented.
This method was applicable to the design of either strip-line or
waveguide band-stop filters having narrow stop bands (sey, with stop
bands of 10 percent bandwidth or less). In this report another deaign
approach is developed which is exact, and which is applicsble to the
design of band-stop filters with either wide or narrow stop bands.
However, in the case of narrow stop bands the stub impedances become
impractical and it becomes necessary to use reactively coupled stubs
(which introduce an approximation). However, even with this approximationm,
the accuracy is better than that obtained with the previous approximate
procedure.

Another problem being studied on this project. is means for designing
electronically tunable microwave filters. In the past s study was made
of the feasibility of using variable-capacitance diodes as voltage-
controlled capacitors in filter circuits. In principle one can use
capacitors to obtain voltage-tunable filters, but our studies showed
that presently available capacitors have too low a Q to be of much use
for voltage-tunable microwave filters, although they should be useful
at lower frequencies. Other methods for electronic tuning which are
being investigated are magnetically tunable filters using garnet resona-
tors, and electronically tunable up-converters.

Work is continuing on the use of ferrimagnetic resonance in yttrium-
iron-garnet resonators which provide means for designing filters that
can be tuned by varying a dc-biasing magnetic field. This approach
appears to hold considerable promise for electronic tuning applications
at frequencies around 2 Gc or above. Using gallium-substituted yttrium-
iron-garnet resonators which have a relatively low saturation magneti-
zation, practical operation to frequencies around 1 Gc may be possible.

Section III of this report covers our latest results on magneticelly
tunable filters. '
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IT ANEXACT METHOD FOR SYNTHESIS
OF MICROWAVE BAND-STOP FILTERS

A. GENERAL

Various techniques for the exact synthesis of microwave filters have

12348° 1, many cases these procedures have involved

existed for some time.
the synthesis of special! transfer functions and then the determining of

the filter elements from the transfer function. Although these procedures
are mathematically very elegant, they have found little actual application
in microwave engineering of the very tedious nature of the design process.

4

However, -one procedure, described by Ozski and Ishii,® utilizes Kuroda's

¢ applied in a simple way to lumped-element, low-pass

transformation
filters in order to design a certain type of transmission-line filter
(which happens to be useful as a practical band-stop filter). In this
case the use of a low-pass prototype along with Kuroda’s transformation
makes it possible to avoid most of the complexity inherent in many of

the exact procedures.

Though the procedure of Ozaki and Ishii mentioned above* was described
in mathematical form quite some time ago, no investigation of its practical
nature appears to have been made. In this study the practical usefulness
of this procedure as applied to band-stop filter design has been verified.
In addition, tables of design equations have been prepared to make the
results as easy as possible to use. With the aid of these tables o de-
signer can obtain the filter designs he requires with a minimum of com-
putational effort, and without having to go into the theory of how the
equations were derived. However, the theory is discussed in Part F of

this section.

In Part B of this section, there is presented a table of transmission-
line filter formulas for filters with from one to five stubs, which are
well-suited to band-stop filter design. The formulas have been derived
by means of these new techniques. Each filter consists either of a tan-

dem arrnylof quarter-wavelength-long open-circuited transmission line

References are listed ot the end of the section.




shunt stubs (referred to stop-band center frequency wy) connected by
quarter-wavelength-long transmission lines, or its dual in which open-
circuited shunt stubs are replaced by short-circuited series stubs. The
shunt stub arrangement is suitable for both balanced and unbalanced
transmission-line filters operating in the TEM mode while the series

stub arrangement is preferred for waveguide filters.

The characteristic impedance of each transmission-line section of
the filter can be obtained by direct substitution of the element values
of a low-pass ladder prototype filter into the formulas. The resulting
band-stop filter response will have the same properties as that of the
prototype (i.e., Tchebyscheff ripples, etc.). An example of a three-
resonator filter design is worked out and theoretical and measured

results are given.

The method outlined, while theoretically exact, is on occasion
limited by practical considerations; one in particular is the difficulty
of constructing very-high- or very-low-impedance transmission lines such
as would be required for very narrow stop bands. One must also contend
with severe junction effects in very-low-impedance shunt-connected TEM
lines and very-high-impedance series-connected waveguides. Still further,
dissipation loss in very-high-impedance TEM lines could cause the stop-
band response to deteriorate. A supplemental approximate technique that
permits the use of moderate rather than very-high- or very-low-impedance
stub lines with band-stop filters with nsrrow stop bands is described
and illustrated in Part C of this section. In this case, the filter
response necessarily departs somewhat from that predicted by the exact
theory; however, the accuracy is markedly higher than that obtainable
by the approximate theory for narrow-stop-band filter design discussed
in Quarterly Progress Report 3 (see Ref. 10). However, the previously
discussed design method has an advantage in that it does not require any
steps in the main transmission line, while the method of this section
does. The introduction of steps will mean additional manufacturing pro-

cedures, but in many cases the additional cost would be small.

There is no theoretical limitation on the number of A,/4 sections
that can be used to separate each stub (or resonator) from its immediate
neighbors, and in the case of waveguide filters it has been found to be
desirable to separate the resonator irises by 3\ /4 in order to avoid
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undesirable interaction effects because of the fringing fields in the
vicinity of the resonator irises. In Part D, design equations are given
for filters having 3A°/4 spacings between resonators, for the cases of
two and three resonators.

‘The stop-band attenuation of low-pass filters can usually be im-
proved by adding an inductor in series with one of the shunt capacitors,
thus moving a pole of attenuation from infinite frequency to some finite
frequency. For the special case of one pole at a finite frequency, the
exact synthesis method of this section can be applied. Design formulas
for this case are given in Part E. .

In Part F the derivation of the formulas is fully delcr}bed. The
designer can thereby extend the table of formulas to greater values of
n, which is the number of reactive elements in the prototype filter, and
also derive formulas for transmission-line filters having connecting
lines any desired odd number of quarter wavelengths long.

B. DESIGN FORMULAS AND THEIR USE

The relationship of the low-pass prototype response to that of the
transmission line filter is illustrated in Fig. II B-1 and Fig. II B-2.
One notes that the transmission-line filter response has, in addition to
a low pass band, an infinite number of higher pass bands, each centered
on an even multiple of the design frequency w,.

Table II B-1 relates specific frequencies of the lumped-element
low-pass prototype filter in the w'-plane to corresponding frequencies
of the transmiassion-line filter in the w-plane. The mapping function
which maps the w-plane into the w'-plane is also given in this table.
Two of the three critical frequencies of the low-pass prototype @' = 0
and @' = ® gre fixed and the third w; is determined by the low-pass
prototype filter.

The formulas for transforming the prototype networks of Fig. IIB-1
to the transmission line network of Fig. II B-2 (or to the dual of that
network) are given in Table II B-2.
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FIG. 11 B-1 LOW-PASS PROTOTYPE FILTER: FOUR BASIC CIRCUIT TYPES
DEFINING THE PARAMETERS g, 9y, -+ 9,41 AND MAXIMALLY
FLAT AND EQUI-RIPPLE CHARACTERISTICS DEFINING THE
BAND-EDGE |



 LLL
[ _/

(0) ALL STUBS AND CONNECTING LINES ARE Ao/4 LONG

St Y P R L

ATTENUATION (L)

Vo * /2w e wg) @ COT{ve, /2ug)

Ag v 27v/e welwg-wVug
v ® VELOCITY OF LIGHT IN MEDIUM
(’) 2-9000 000
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Table II B-1

DEFINITION OF PARAMETERS AND CORRESPONDENCE
OF CRITICAL FREQUENCIES IN w'.PLANE
AND - PLANE

TRANSFORMAT ION

o n(32)

DEFINITION OF PARAMETERS

o' = Prototype [requency varisble

@ = Transmission line filter frequency
verisble

A 'uw‘

3

o' o
0
(0 <awf <o) gt @) (n even)
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Table 11 B-2

EXACT EQUATIONS FOR BAND- STOP FILTERS
WITH A o/ ¢ SPACING BETWEEN STUBS

The filter structure is as shown in Fig. II B-2, For the
dual case I\nvinﬁ short-circuited series stubs, replace a
impedances in the equations below by corresponding admit-
tances.

n * number of stubs
Z,, Z. = terminating impedances

ZJ. (j ®= 1 to n) = impedances of open-circuited shunt stubs

Z)._l i (j = 2 to n) = connecting line impedances

g; ™ values of the elements of the low-pass prototype
4 network as defined in Fig. B-1

A= wia whers w', = Jow-pass prototype cutoff frequency
and a = bandwidth paremeter defined in Eq. (II B-1)

(In all cases the left terminating impedance Z, is ar-
bitrary

Cass of n = 1:

z Zs
z] = —‘.— ; z. - ‘_2
A8, &

Case of n = 2:

1
Z, = 2,1+ —]|; z = Z2(1+Ng,)
1 A( A‘(ﬂl) 12 A of1
Z.8
ASQ
Z, * =/ Z, = 2
2 s, /] A8083
Case of n = 3:
Zl. Zu and Zz-n-e formulas as case n = 2
z Zg
z, = .._‘_‘.0_ ]4_1— ; 223 = ‘—0(10~3.‘)
& Aoy, & ‘
28
Z' = _‘_0
&



Table 11 B-2 Concluded
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Case of n = §:

z), Z,y Zy, Zyy Z,—smme formulas as case n ®= 4
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To use Table Il B-2, one must determine the [ollowing quantities:

(1) The left-hand terminating impedance Z, for the shunt atub
type filter, or ¥, of the series stuhb type filter (dual
case)

(2) The element values of the prototype circuit g, (j = 0 to
n + 1) and the cutoff frequency w; of the prototype

.(3) The stop-bhand center frequency w,

(4) The bandwidth parameter a.

Items 1 and 3 are arbitrary, and Item 2 may he obtained from tables
listed in Refs. 6 through 8, or from any suitable prototype ladder cir-
cuit consisting of alternate series inductors and shunt capacitors. The
element values gj(j = 1 to n) are the inductance of the series inductors
in henries and the capacitance of the shunt capacitors in farads. The
first and last elements g, and g, ,, are the prototype filter terminations

given as resistance in ohms or conductance in mhos according to Fig. IIB-1.

Item 4 is calculated from the formula

a = coc(gj—i) (11 B-1)

where w, is the lower cutoff frequency of the transmission line filter
which corresponds with @] of the low-pass prototype filter.

The following example will illustrate the use of the design formulas
and the practical realization of a strip-line filter employing open-
circuited stubs. A band-stop filter having 50-ohm input impedance, 0.1-
db pass-band ripple, and 60 percent stop-band bandwidth is desired and
a three-stub design is chosen. The center of the stop band is to he
1.6 Gc. The prototype element values obtained from Table 13-1 of Ref. 8,
page 202, ere g, =g, = 1, g, = g, = 1.0315, and g, = 1.1474. The quan-
tity A = w;a is next computed. For the prototype chosen w; = 1 radian
per second. From the fractional bandwidth w = 0.6 as defined in
Fig. II B-2, we obtain w,/wy * 0.7 and the bandwidth parameter a =
cot (nwl/Zvo) is found to be 0.50953, whence A = 0.50953. Now using
Z, = 50 ohms as the source impedance we calculate each stub and connecting-

line impedance. Since n is odd and the prototype design is symmetrical,

11



the design formulas here yield a symmetrical transmission line design

so that the right-hand terminating impedance Z, = 50 ohms. The stub
impedances are calculated from the design formulas of Table II B-2 for
n*3¢tobeZ =2, 145.1 ohms and Z, = 85.5 ohms. The two connecting-
line impedances are Z,, = Z,, = 76.3 ohms. Each stub and connecting line

is then made one-quarter wavelength long at w,.

A filter based on the foregoing design was fabricated in strip
transmission line. With air as the dielectric, Ko/4 is found to be
1.845 inches. The center stub was replaced hy two parallel stubs of
twice the impedance, i.e. with Z = 222 = 171.0 ohms, in order to mini-
mize the junction size and thereby reduce junction effect.’ The essen-
tial dimensions are given in Fig. II B-3. The atub lengths were reduced
by an amount slightly more than one diameter to allow for fringing

capacitance at the ends of the stubs.

n
/o.ou n de.
1.008in]
0279 ia. 0.100 i, 0188 n. THICK N
VERTICAL 7;:_)___‘
0.008 in. ¢le.
17740 1.808in, A’/’— 0.051in. dle
0.031 in. dle.
j —— J— i I
fe—1.048 in. -——.‘
GROUND-PLANE t
SRACING 0.443 1.
A-9927-983

FIG. Il B-3 A STRIP-LINE WIDE-STOP-BAND FILTER

As this materisl is going to press some evidence has been cbtained on another filter strecture, which
suggests thet ot least ender some circemstances it may be wawise to replace s single stub by devble
stubs in parallel. Sems experimestel results suggest that there mey be interaction betwaen the two
stubs in perallel so thet regardless of their tuning they will slways give two separate resenances
where they are both expected to resonate at the seme frequency. Also, between the two resonances the
sttenwetion of the peir of etubs may drep very lov. This possible behavior of dowble stubs needs
further study, ond is mentioned here to alert the reeder of what could be o pitfell.

12
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FIG. Il B-4 PHOTOGRAPH OF THE STRIP-LINE WIDE-STOP-BAND FILTER

A photograph of the filter is shown in Fig. I1 B-4. The rectangular
center-conductor dimensions were obtained from Fig. 6 of Ref. 9 and the
cylindrical stubs were designed with the aid of the following approximate

formula for the impedance of a round conductor between parallel planes

13 m
Z, » 2 o, 2, (1T B-2)
‘/?' nd

where d is the diameter of center conductor and b is the plate to plate
spacing. Discontinuities at impedance steps were compensated for ex-

perimentally using screws through the ground planes.

The computed and measured performance of this filter is given in
Fig. IT1 B-5. The measured results agree well with the theoretical pre-
dictions over a rather broad ‘band; however, some improvement could have
been obtained by using tuning screws to make the stubs resonate precisely

at the desired stop-band center frequency.
)

13



sl /TDEOR!‘NCAL RESPONSE

o

0-3627-964

FIG. Il B-5 COMPUTED AND MEASURED PERFORMANCE OF THE
WIDE-STOP-BAND FILTER IN FIG. II B-3

C. MODIFICATION FOR NARROW STOP BANDS

Although the design procedure given in Part B is theoretically exact
for stop bands of any width it does not produce a practical filter design
for very narrow stop bands, for which shunt stub impedances of the order
of 1000 ohms or more would be required in a 50-ohm system. One can, how-
ever, substitute for each open-circuited stub of length A,/4 a capaci-
tively coupled short-circuited stub of electrical length ¢, < n/2. The
connecting lines fortunately have impedances that are the same order of

magnitude as the source impedance.

The coupling capacity Cj, the short-circuit stub length ¢,, and the
impedance Z". are calculated from the design formulas of Fig. II C-1. The
function F(¢) of the design formulas is tabulated on page 48 of Quarterly
Report 3 for this project..m The original stub and its capacitively-coupled
substitute are, by reason of the design formulas, exactly equivalent at
stop-band center w,, and because they both present a very high impedance

in shunt with che main line at other frequencies, one can expect the

14



modified filter and the exact design to have very nearly identical per-
formance over the band of interest. This range of excellent performance
wvas shown in a design example to extend from zero to at least 1.5w,. The
design formulas of Fig. II C-1 permit an arbitrary choice of either Z;.

the impedance of the short-circuited stub, or Cj the gap capacitance;
however, construction is simpler if all Z; are equal. Here the Z; should
f be approximately 75 ohms for coaxial-line or strip-line resonators in
order to have high unloaded Q's, while at the same time the Ci must not
be so large that the corresponding very small coupling gaps create toler-
snce problems. Ordinarily a filter of this type will have provision for
tuning esch stub resonator by means of tuning screws. A suitable strip-
line design for such a filter is shown in Quarterly Report 3 for this
project, ® Fig. III-5b, page 45.

g #,w

- 2a L) 2y 2e
i —) _ _ T
H 1 1~¢, "¢, \Cs
: e L4 2 2

4

WITH NARROW STOP BANDS

¢ ExXACT APPROXIMATE oESIeN
: CIRCUIT EQUIVALENT FORMULAS
;» circuIT
; ——— e
F . 1 Zj
. 2 %) T3
|
" y T o
3 D O woZ,ten ¢g
‘2 p—-———x-‘i’-——-i _—‘0_—" WHERE F(§)* ¢ sec2 @ +ten g
g
- (1)
5; ) 0-3927-98
i FIG. Il C-1 STRIP-LINE STRUCTURE FOR BAND-STOP FIL TERS

15



Z,+1203 22 * HOY Ty 1203

n———————

t—————
2,480 Z,e* 52 g9 82 2y 80

(o)

—

b [l 'ﬂ'l,,,
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(o)

0-9527- 348

FIG. Il C-2 NARROW-STOP-BAND FILTERS

A narrow-stop-band filter based on a prototype with 0.1-db Tchebyacheff

ripple was designed by the above method yielding the filters of Fig. I1C-2.
The upper figure is the exact design and the lower figure is the derived
filter using capacitively-coupled resonators. The computed response of
the derived filter is shown in Figs. II C-3 and II C-4 along with that of
the exact design. The response of the derived filter is seen to be very
close to that of the exact design over the range 0 < wﬁwo < 1.5, and to

be a fair approximation elsewhere.

D. FORMULAS FOR FILTERS WITH 3A,/4 SPACING
BETWEEN RESONATORS

As previously mentioned, in the case of narrow-stop-band, waveguide
band-stop filters, interaction effects due to the fringing fields in the
vicinity of the resonator coupling irises can cause considerable disrup-
tion of the stop band when A /4 spacing is used between resonators. 2 It
has been found, however, that this difficulty is eliminated if 3&0/4

spacing is used between resonators. 2
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Table I1 D-1

EXACT EQUATIONS FOR BAND-STOP FILTERS WITH 3A /4 SPACING
BETWEEN STUBS OR RESONATOR IRISES

The filter structure is of the form in Fig. Il D-1(a). For
the dual case in Fig. II D-1(b), replace all admittances in
the equations below with corresponding impedances.

n = number of atubs
Y‘. Y. ® terminating sdmittances

Yj (j = 1 to n) = admittances of short-circuited
series stuba

()’j.l .). s admittance of kth (k = 1, 2 or 3) con-
2 necting line from the left between stubs
j~ledj

g. = values of the elements of the low-pass prototype
7 network as defined in Fig. II B-1

A= w]a where @] * low-pass cutoff frequency and
a * bandwidth parameter defined in Eq. (II B-1)
(In all cases the left terminating impedance is srbitrery)

Cage of n = 2:
1
Y, = t, (l*r“l'); (Y9}, * Y‘(I*Mﬂl)
Y, « ¥, 2214 Ngg); (Yyg), = ¥ —1
2 A A, 28y’ 1272 ABo83 1+ Asys,

1+ g8,
Y, * Vg Wiy = YVisods \ T Aoz

Case of n = 3:

AN B Y L, 1
1 A l\g“ 1271 A]+M"l

1+ Asgsy
Mide = T (l*z\con)

Y, = VAAT; (Y)g)y = Yy(1 +Agesy)

&o
(Ygy)y = Y‘;: (l*l\g,g‘)

8o 1 &g (‘ M A'ah)
fa * y‘-‘-‘-(:! ’&384) Wads = Ly \To e,

& go 1+ Yays,
Yy = YA: (Yoy)y = YA;: T+ Py,

18
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Table Tl D-1 presents equations for the design of filters with
series-connected stubs with 3A,/4 spaciugs between stubs, for the cases
of n =2 and n = 3 stubs. The configuration under consideration is
shown in Fig. Il D-1(a); however, by duality, the same equations can he
made to apply also to the structure in Fig. [l D-1(b) by simply rede-
fining all of the admittances in Tahle II D-]1 as impedances. The reso-
nator susceptance slope parumeters for the series stubs in Fig. Il D-1(a)

are given by

- %y . (11 D-1)

J J

Having the admittances of the connecting line sections, and also the
slope parameters required for the various resonators, the designer can

carry out the remainder of the waveguide filter design using the pro-

cedure that was discussed previously. 102
Y, Y, vy

Ya (Mie)r (V)2 (Yia)s (Yas)r  (Yas)2 (Yas)s

b Ve
(o)
4_1.}'?(1")' ()2 (22)s (Zash  (Zas)e (Zashs -
¢ \ \ \ il.

NN

(b) 9-3527-%9

FIG. Il D-1 BAND-STOP FILTERS WITH 3 A,/4 SPACING BETWEEN A /4 STUBS
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FIG. Il E-1 LOW-PASS PROTOTYPE AND BAND-STOP FILTER
WITH EQUI-RIPPLE PASS BANDS AND STOP BANDS
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E. FILTERS WITH EQUAL-RIPPLE PASS-BAND AND
STOP-BAND ATTENUATION

The filters described heretofore have all their poles of attenuation
at the design frequency w, (and at odd multiples thereof) with the result
that the stop band is relatively narrow for high values of attenuation.
For example, the computed filter response of Fig. I B-5 has a 60-percent
stop band for 0.1-db attenuation while the 45-db stop band is 10 percent
of center frequency. We desire a method, therefore, of spreading the at-
tenuation poles in the stop band to achieve sharper cutoffs and broader
regions of high attenuation without affecting the pass-band response ad-
versely. This can be done by employing a low-pass prototype that has just
one pole of attenuation at a finite frequency and that has Tchebyscheff
ripple in both pass- and stop bands.! It can be shown that more than
one finite frequency pole in the low-pass prototype would disrupt the
design procedure discussed herein. A schematic diagram of a prototype
filter (n = 4) with one pole of attenuation at a finite frequency is
shown in Fig. ITE-1(a), andFig. IT E-1(b)

shows its corresponding transmission-line

filver together with design formulas,
which supplement those in Table Il B-2.

Tables of element values for filters of

the type shown in Fig. II E-1(a) yielding
the response shape of Fig. II E-2(a) have
been published by the Telefunken company!!
and can be used with the design formulas

of Fig. II E-1 and Table II B-2, provided

that the following change of notation is

made on the element values in the Tele-
funken tables:!! The element values (L,,
Lz,Cz,Ls,C‘) as given in the Telefunken

La— &b

tables are to be reversed in position
(Cy1Ly,Cy,Ly,L,y) and then given the

standard notation used herein (g,,g,,83%. e
g3+ 8,) respectively. Also, for this FIG. Il E-2 RESPONSE OF FILTER
case, go = g5 * 1 for the symmetrical NETWORKS OF FIG. 1I E-1
. ) . . (o) LOW-PASS PROTOTYPE
fileer, and go = 1/(right-hand termi- (b) TRANSMISSION-LINE

nating resistance) and g, = 1 for the FILTER
asymmetrical filter. The two-terminal

2
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circuit consisting of capacitor C, and inductor L, in series has for its
exact transform the series-connected open-circuited and short-circuited
stubs as shown in IFig. II E-3(b). Such a network cannot be easily real-
ized, however, and the exactly equivalent two-section tandem network
shown just below the former is sometimes preferable. Although the above
methods for realizing the susceptance B in Fig. II E-3(b) are exact,
they may yield extremes of impedance values in the two-stub section. To
get around such difficulties, the approximate equivalent network of twe
unequal length stubs in parallel as shown in Fig. II E-3(c) may be used
in place of the exact design. The shunt susceptance of the substitute

ki 2ys ———
i ] Zisoza e wie
Pre—
o
-
Cyved
— —>
Lyl
23 tH
(SEE FIGURE TT € -t FOR VALUES)
() (b)
&
NOTE

B 1S A MAPPING OF B’ AND
Oy * 0 AT FREQUENCIES W), We, Wy, Wy

® 387 A2

FIG. Il E-3 TWO-TERMINAL SHUNT NETWORK YIELDING POLES
OF ATTENUATION NEAR STOP-BAND EDGE
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stubs Z, and Za, in parullel is exuctly equal to that of the two-section
exact-design stubs Z; and Z; at frequencies o, w,, @, and @, . The de-

sign formulas for Z, end Zsy are

i tan & , tan & , - tan &_, tan 6
2 xl 1 2
z,, = |x,l : - W (IT E-1)
y 1 tan 6_, + tan 6 ,
and
[ tan 6’1 tan 9.2 - tan 9’2 tan 9“ﬂ
z,, = |Xl (I E-2)
@ tan 0,1 + tan 9’2 1
where
z :
A 1
x . — [ I -
,le : [w,g, w;g;] (11 E-3)
'n“’u
6,, = —— radians ,
v 2 w

and the frequency subscripts 1, 2, x, and y are defined in Fig. II E-2.
The lengths |, and l’ of the stubs of impedance Z, and 23,. respectively,

are calculated from the relationship
wl, = ol = —/ (11 E-4)

where v = velocity of light in medium.

The main features of this approximate type of design are shown in
the filter of Fig. Il E-4. The response of this filter is given in
Fig. II E-5. Although the exact-design filter response is not given in
Fig. II E-5, the comparative performance of the two types can be inferred
from the dashed lines which form the bounds of the equi-ripple exact re-
sponse. It is apparent that over a frequency range from zero to almost
2w, (twice stop-band center frequency) the approximate design filter
response is remarkahly close to the ideal response bhoundaries, and al-
though there is deviation from the ideal above that region the filter is

still useful. The advantage gained is the reduction of the range of
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impedances in the filter from a ratio of 12 to 1 to about 4.5 to 1. The
prototype element values for this filter are o1, g, =0.9304, 8, * 1.373,
gy 1.278, g3 =0.1017, g, =0.8357, and g =1 as given on page 50, line 27
of the Telefunken tables! (but in reverse order as explained above). The
maximum pass-band reflection coefficient is 15 percent (0.1-db attenua-
tion), and the minimum stop-band attenuation is 45.2 db. The pole of
sttenuation in the stop band of the prototype occurs at w, = 2.773w) =
2.77, since w; = 1. The edge of the prototype stop band for 45.2-db
attenuation is at w, = 2.539. In the transmission-line filter (exact
design) the 0.1-db stop-band edges are 0.5w, and 1.5w, (100 percent band-
width) and the 45.2-db bandwidth extends from w,, = 0.761 to w,, = 1.239
(48 percent bandwidth). The normalized transmission-line impedances for
the evact design are Z, =1, Z,=3.075, Z,=0.714, Z; = 0.8842, Z| = 8.549,
Z,=2.197, Z,=1 and Z,,~1.482, Z,,+1.89]1, Z,, =1.836. For the approxi-
mate design, we have in place of the two-section stub with impedances
Z,=0.8842 and Z§ = 8.549, two shunt stubs of impedance Z, =1.470 and
Z,’- 1.915. The electrical lengths of these stubs at stop-band center
frequency are 0’o * 1.287 radians and 6 , = 2.015 radians. The design
parameter A = aw) = 1.

, J
LS
/S /S

; VWpm—l

o e g / _/l, 234

L3y
23501470 T, £; +0.3207 Ao
Tyy1.018 I, 4y +0.2048 )o

(SEE TEXT FOR COMPLETE DESION)
A-3817-973

FIG. Il E-4 PRACTICAL ADAPTATION OF EXACT DESIGN
FOR TCHEBYSCHEFF RESPONSE IN PASS BAND
AND STOP BAND (n = 4)
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FIG. Il E-5 COMPUTED RESPONSE OF FILTER
OF FIG. N E-4

Although the specific example used here to illustrate the design
method yielded reasonahle values of impedance this will not necessarily
be true for all filter specifications. For filters with narrow stop-
or pass bands, the filter designer may have to accept leas discrimina-
tion between the pass hand and the stop hand than he can demand when the
pass- and stop bands are approximately equal in width in order to ohtain

reasonahle values for the stub transmission-line impedances.
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F. DERIVATION OF THE DESIGN EQUATIONS IN THIS SECTION

The design procedure of this section hinges on Kuroda's identity.?
This identity is realized in transmission line as shown in Fig. Il F-1.
Note that this identity says that a circuit consisting of an open-
circuited shunt stub and a connecting line of the same length has an
exact equivalent circuit consisting of a short-circuited series stub
with & connecting line at the opposite side.

Figure II F-2 traces out how Kuroda's identity is used to relate a
band-stop filter of the type in Fig. II B-2(a) to a low-pass prototype
filecer. Figure II F-2(a) shows a low-pass prototype filter for the case

]- 2§ v
H J'l‘ * "‘Zo;.
v——L o
— 2o
-_ ! % 1oV, :

>
$

J1

1{}]

-3007-97%

FIG. Il F-1 KURODA'S IDENTITY IN TRANSMISSION-LINE FORM
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FIG. Il F-2 STAGES IN THE TRANSFORMATION OF A LOW-PASS PROTOTYPE
FILTER INTO A BAND-STOP TRANSMISSION-LINE FILTER
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of n = 3 reactive elements. Applying the mapping equation of Table II B-1

to the shunt susceptances and series reactances of this filter gives

w'C! » Clwia tan (1; ;“-’;) (11 F-1)

w'L; = L;w"a tan (% 5—;) . (I1 F-2)

Note that the right side of Eq. (II F-1) corresponds to the susceptance
of an open-circuited stub having a characteristic admittance

Yj - C}w;a , (11 F-3)
the stub being A /4 long at w,. Similarly, the right side of Eq. (II F-2)
corresponds to the reactance of a short-circuited stub of characteristic
impedance

z, » L;w;a (11 F-3)
when the stub is A /4 long at frequency w,. Thus, the shunt capacitors
in the low-pass prototype become open-circuited shunt stubs in the mepped

filter, while the series inductance in the prototype becomes a short-
circuited series stub in the mapped filter.

Note that in the mapped filter in Fig. II F-2(b), the terminations
seen by the reactive part of the filter are still R, on the left and R,
on the right. However, on the right two line sections of impedance
le -Z“ -R, have been added. Since their characteristic impedance
matches that of the termination, they do not affect the attenuation
characteristic of the circuit; their only effect on the response is to
give some added phase shift. The circuit in Fig. II F-2(b) then has a
response which is the desired exact mapping of the low-pass prototype
response. The only trouble with the filter in Fig. IT F-2(b) is that
it contains a series stub which is difficult to construct in a shielded

TEM-mode microwave structure.

The series stub in Fig. II F-2(b) can be eliminated by application
of Kuroda's identity (Fig. II F-1). Applying Kuroda's identity to stub
Y, and line Z,, in Fig. II F-2(b) gives the circuit in Fig. II F-2(c).
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Then applying Kuroda's identity simultaneously to stub Z, and line Z;z
and stub Z; and line Z,, in Fig. II F-2(c) gives the circuit in

Fig. Il F-2(d). Note that the circuit in Fig. Il ¥-2(d) has exactly
the same input impedance and over-all transmission properties as the

circuit in Fig. II F-2(b), while the circuit in Fig. 1I F-2(d) has no
series stubs.

The equations in Tahles II B-2 and II D-1 were derived by use of
repeated applications of the procedures described above. For reasons
of convenience, the equations in the tables use a somewhat different
notation than does the example in Fig. II F-2; however, the principles
used are the same. The equations in Tables II B-2 and II D-1 also pro-

vide for a shift in impedance level from that of the low-pass prototype.

The slightly more complicated filter network of Part E, in which
the attenuation poles are spread out in the stop band, is solved in a
manner very similar to that described above. That is, each lumped ele-
ment is transformed to a transmission-line section and Kuroda’s identity
is used to separate the stubs while causing all stubs (except for those
in Branch 3) to be of one kind only as shown in Fig. II E-1. There are,
however, two important differences worth further discussion. First, the
series L-C network in Branch 3 of the low-pass prototype (Fig. III E-1(a)]
requires special treatment in the process of being tranaformed to
transmission-line stubs as described in Part E, and second, Kuroda's
transformation cannot be aepplied to the corresponding two-stub branch
of the filter. Because of this inapplicability, only one such two-stub
branch is allowed in the transmission-line filter. With only one such
two-stub network in the filter circuit, it is possible to insert as
many quarter-wave sections as are required starting at each end and
working toward the two-stub branch. This is no handicap and was in

fact the method used in deriving the design equation of Tables 11 B-2
and IT D-1.
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ITI MAGNETICALLY TUNABLE FILTERS

|
@

A. GENERAL

In this section a review of the procedure employed in the establish-
ment of the parameters and dimensions of magnetically tunahle filters is
given. Charts and graphs are presented which enable a designer to arrive

at the dimensions of the circuit elements, including the ferrimagnetic

resonators, in order to give a specified band-pass frequency response.

e - ol LY

Circuit structures are presented which appear, or which have proved to
be very promising for practical applications. Two typical examples sre
given of the design of two-resonator band-pass filters, one of which em-
ploys a waveguide and the other a strip-transmission-line coupling

‘ circuit. Finally, the performances of two side-wall-coupled strip-

transmission-line filters, one containing two resonators and the other

S Ta

. three, are discussed. The results are compared with a previous version
of the two-resonator side-wall-coupled filter and with a previously de-
veloped overlapping line version.

B. DESIGN OF RECIPROCAL MAGNETICALLY TUNABLE
MICROWAVE FILTERS

An equivalent circuit composed of lumped elements, including gyrators,
can be developed to represent coupled ferrimagnetic resonators. A series
of ferrimagnetic resonators shown in Fig. III B-1 is coupled through the
interaction of the RF magnetic dipole moments of the resonators. Whether
or not a gyrstor is present in the equivalent circuit representation de-
pends on the way in which the resonators are coupled to each other and
upon the way the end resonators are coupled to the input and output lines
or waveguides. If the input and output coupling loops in Fig. III B-1
were orthogonal, then the equivalent circuit would contain a gyrator.

If the two loops lie in the same plane as shown, then no gyrator will be
' present in the equivalent circuit.

The presence or absence of a gyrator in the equivalent circuit
répresentation of multiple-coupled-ferrimagnetic-resonstor filters does

not affect their transfer characteristics in the cases to be considered
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RESONATORS COUPLE BY INTERACTION OF
ADJACENT PARALLEL MAGNETIC MOMENTS

1“0 (bias 'FIILM

FERRIMAGNETIC
RESONATORS

A-9327-an7

FIG. 11l B-1 MAGNETIC MOMENTS IN A FILTER EMPLOYING MULTIPLE
FERRIMAGNETIC RESONATORS

here. Devices that employ the nonreciprocal characteristics of the ferri-
magnetic resonator, such as the magnetically tunable nonreciprocal wave-
guide filter!® must be represented by circuita that contain both gyrators
and resonant circuits. Some equivalent circuits for these nonreciprocal
configurations in waveguide atructures have been given by Patel! and

Anderson.?

Figure III B-2 gives a lumped-element circuit representation of the

multiple-ferrimagnetic-resonator band-pass filter. Fromthis representation,
*
R, G l. Ci Ry Cie
Cn Ry Ry

FIG. 11l B-2 EQUIVALENT CIRCUIT OF COUPLED FERRIMAGNETIC
RESONATOR FILTER

A-3507-3%

.
Neferences are listed at the end of thia section.
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a systematic design procedure is

a low-pass prototype approach to

band-pass

where

Q,),. (Q,), = External Q's of input

k

898

circuit parameters:’*

(Qc)A

,),

ki,.‘+l

carried out as follows, making use of

the derivation of the lumped-element

[
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'
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w
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w;VgiGiol

(I11 B-1)

(ITI B-2)

(IIl B-3)

and output resonators
: i+1 = Coupling coefficient between resonators

«.-18,18,4+) = Normalized low-pass prototype element

values for desired response shape (seeFig. IIIB-3)
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FIG. il B-3 DEFINITION OF PROTOTYPE FILTER PARAMETERS
Gor 910 9/ =2cr
A prototype circuit is shown at (o) and its dual is shown
at (b). Either form will give the same responss. An
additional prototype parameter, w/, is defined in

Fig. H| B-4.
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FIG. Il B-4 DEFINITION OF LOW-PASS PROTOTYPE
AND BAND-PASS RESPONSE FREQUENCIES

w] » Cutoff frequency (radians/sec) of normalized low-
pass prototype (see Fig. III B-4)

v = (fy~f)/fy = Fractional bandwidth, where f, and f,
et 000 in Fie. TI1 B4 and fo = Vil

The center-frequency dissipation loss, L,, (i.e., not including reflec-
tion loss) is given approximately by’

'

©) < g )
L = 4,343 — — db . (III B-4)
¢ v '.zl (Qni

Here the prototype element values are assumed to be normalized so that
g8o=1, and the Q , are the unloaded Q's of the resonators.

C. RESONATOR MATERIALS AND THEIR PROPERTIES

1. General-—Several different single-crystal materials are known
to have possible application in magnetically tunable filter design:

(1) Yetrium-iron-garnet (YIG)

(2) Gallium-substituted yttrium-iron-garnet (Ga-YIG)
(3) Lithium ferrite

(4) Barium ferrite.

Of these four materials, the first three now appear to be the most prom-
ising for tunable band-pass and band-reject filter applications since

they have the narrowest linewidth. The properties including the unloaded
Q(Q,) of YIG have been discussed in several of our previous publications®’
and in the literature. The remaining three resonator materials have been

described in other publications.*2
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The electrical characteristics of ferrimagnetic materials that af-.

fect the design of magnetically tunable filters are these:

(1) Saturation magnetization, M,‘

(2) Anisotropy field constant, K,/M,
(3) Curie temperature, T,

(4) Linewidth AH, or unloaded Q, Q,
(5) Shape of sample.

Table IIT C-1

PROPERTIES OF SINGLE-CRYSTAL FERRIMAGNETIC MATERIALS
FOR MAGNETICALLY TUNABLE FILTERS

4mN_ (AT ROOM | K,/W (AT ROOM |  a#® (AT ROOM r
MATERIAL TEMPERATURE ) TEMPERATURE ) TEMPERATURE) ( o)
(gaves) (oerateds) (oersteds)
Yttrium-Iron-Garnet! (Y1G) 1750 -43 0.22 (4 Ge, Ref. 14) | 292
Gelliue-Substituted! 50-1750 .. .- .-
Yttrium-Iron-Garnet 600 =-55.8 -- 160
950 & 50 -41.7 0.7-2.0 (at 4.4 Ge) | 206
Lithium Ferrite 3550 £ 40 (Ref. 9) .- 3% (5 Ge) --
“Planar” Ferrite “Zn,Y" 2850 (Ref. 10) | 4950 (Ref. 10) | 10 (X-band, Ref. 10) | --
(Ba,,7n,Fe,,0,,)

‘ .
These values of AH were measured im covities. They may be considerably lsrger when measured in o
filter structure. See discussiom in Sec. C-2.

t 'I\u; materisle were supplied by Microwave Chemicala Laboratory, 282 Seveath Ave., New York City,
New York.

$ Private communication, J. W. Nielsen, Airtroan Division of Lytton Industries, Morris Plainms,
New Jersey.

Note that M', Kl/M., and Tc are intrinsic physical constants of the
material. ™! Tahle III C-1 lists the measured values of these physical
constants. In the case of gallium-substituted yttrium-iron-garnet, M,

and K /M, depend on the percentage of gallium substitution. The values

B T TS

of K,/M, given in the table were measured at SRI, at room temperature
: using two samples of Ga-YIG of different degrees of substitution of
gallium. Values of the constants of the other materials in the table

are taken from the indicated references.

‘ -
In m.k.s. wnits " is in empere-turns per meter, and “0' is inm nb-n/nnrz. where Hy® 1.26 (10 6)
henries/meter. The wnit H. in gouss is frequently used tm. (in gavss) X 1074 = k¥, lin nlnn/nurz)].

These constents vary with temperature. However, their value is independent of shape, frequency, and
spplied dc and RF fields.



The shape of the material affects the dc magnetic field required
to produce resonance at a given frequency. In principle it is possible
to achieve lower resonant frequencies by using an ohlate spheroidal
shape or a thin flat disc than by using a spherical resonator. The
best resonators, i.e., those having the highest Q, have always in the
past been achieved with spherical resonators. The effect of shape on

the minimum resonant frequency is discussed below.

The significance of the Curie temperature T, is that above this
temperature the material suddenly loses its magnetic properties. Thus,

operation above the Curie temperature will not be possible.

2. Effect of Saturation Magnetization and Shape on Minimum Resonant
Frequency—The saturation magnetization M, and the shape of the resonator
determine the lowest resonant frequency, f;i', which can be reached.

Figure III C-1 shows f;i' of spheroidal resonators as a function of
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o _~

g
\
RIRAVAN

2

[ ahond, abuede kol chuude. abade. abede abende deaded - ahede. pu N
o 1000 2000 3000 4000
4 v Mg — goues

8- 3007-340

FIG. 1l C-1 MINIMUM RESONANT FREQUENCIES OF ELLIPSOIDS
OF VARIOUS AXIS RATIOS
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4nM, in gauss with the ratio of principal axes as a parsmeter. The most
commonly employed resonator shape is spherical, which is primarily a re-
sult of the ease with which it can be fabricated and polished to give
resonators with very high values of Q,.

3. Unloaded Q, Q,—The unloaded Q, Q,, is usually given by the
manufacturer in terms of an equivalent quantity, the linewidth AMH.° To
obtain Q, from the linewidth, the following formula is used:

fo X 1076

. — 1 .
Q, o (111 C-1)

where

fo = Resonant frequency, cycles/second

AH = Linewidth, oersteds.

The Q, of YIG increases about linearly with increasing frequency in
the 2-10 Gc frequency runge.“ The values of Q, obtained in a practical
fileer structure where the coupling is relatively tight, and consequently
the conducting boundaries are near the resonator, are usually lower than
the values specified for the material by the manufacturer. The value of
Q, varies l;bctnntillly among the various configurations which have been
tried. Figure III C-2 shows the values of Q  that have been obtained
with a 0.074-inch-diameter resonator in different coupling configurations,
including a full-height S-band waveguide which is used as a reference to
compare different resonators.

4. Effect of Magnetocrystalline Anisotropy—The effect of magneto-
crystalline anisotropy is that the resonant frequency (or the biasing
H-field required to yield a given resonant frequency) varies according
to the orientation of the crystal axes with respect to the biasing wag-
netic field. Figure III C-3 shows the field required to resonate a YIG
sphere at room temperature, as the resonator is rotated around a (110]
crystal axis. The dc magnetic field is perpendicular to the axis of
rotation of the sphere. For crystals with cubic symmetry (such as single-
crystal YIG or gallium-substituted YIG)

.
Linevidth is here defined as the difference between the twe values of bissing field fer which the
imaginary pert of the intrinsic swsceptibility equale the resl part, while frequency is held constent.
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Hy = H.“ 2'2un 9-;un /7] r oersted (III C-2)

where H ,, = (f,),./2.8, (f,), . is the resonant frequency in megacycles,
and & is the angle between H; and the [100] axis as the crystal is ro-
tated about a [110] axis.

This resonant frequency variation which is due to magnetocrystalline
sanisotropy depends on the type of crystal structure and on the orienta-
tion of the crystal axes with respect to the dc magnetic field. Formulas
for the resonant frequency have been given for several other different

crystal structure types by Yager, et al.,” Kittel,” and Artman."

The variation of the resonant field with crystal orientation has
been suggested as a way to obtain synchronous tuning of three or more
resonators where the center resonators are exposed to different boundary

effects than those to which the terminal resonators are exposed.”

D. MAGNETICALLY TUNABLE FILTERS USING WAVEGUIDE
COUPLING CIRCUITS

1. Typical Structure—The most promising structure, from the stand-
point of achieving a minimum biasing magnet air gap and high off-channel
isolation, appears to be overlapping waveguides. Figure III D-1 shows
an example of this type of structure, which employs two resonators
in waveguides having parallel axes. A slot in the common wall between

STEPPED WAVEGUIDE TRANS-

PORMERS BETWEEN STANOARD-
AND REDUCED-HEIGHT QUIDE .

AXIAL COUPLING S1OT IN
COMMON WALL BETWEEN GUDES

A-9527-903

FIG. Il D-1 TWO-RESONATOR FILTER USING OVERLAPPING WAVEGUIDE CONSTRUCTION

39



the two guides is used to provide coupling between the resonators; the
slot is oriented parallel to the axis of the guides in order to give
maximum isolation off resonance. In order to increase the coupling be-
tween the waveguides and the spheres, reduced-height waveguide is used
in the region of the spheres, and otep-trlnsforﬁeru are used to provide
a good impedance match into the reduced-height guides.

\COICM COUPLING RIS IN
COMMON WALL BETWEEN TWO OWNDES

MATCHING SECTION TO FULL-NEISHT SUIDE

A-9827-904

FIG. Ill D-2 TWO-RESONATOR FILTER USING OVERLAPPING GUIDES AT
RIGHT ANGLES TO ACHIEVE HIGH REJECTION

Another possible structure is the crossed waveguide arrangement
shown in Fig. III D-2.° A circular hole in the dividing wall near the
short-circuited ends of the guides provides coupling hetween hoth RF
magnetic moments of the resonators. At the same time the crossed wave-
guide arrangement eliminates the magnetic component of the coupling
between the waveguides. Some small residual coupling between the wave-

guides due to electric fields may be expected.

Additional resonators may be incorporated in both of the above
structures. This can be accomplished by placing these additional reso-
nators in the coupling region between the resonators shown in Figs. II1D-1
and IIT D-2, at the same time making the coupling iris thicker to pro-

vide the required spacing between the resonators.

.
This structure was suggested by one of the awthors (P. Carter), and K. R. Spangenberg ond N. ¥. Federic
of Physical Electronics Laboratories, East Palo Alto, California.
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FIG. 111 D-3 Q, vs. SPHERE DIAMETER OF SPHERICAL YIG RESONATOR
LOCATED AT EQUIVALENT SHORT-CIRCUIT POSITION IN
SHORT-CIRCUITED TE,, RECTANGULAR WAVEGUIDE

2. Q, Curves for Filters Employing Waveguide Coupling Structures—
The design of the waveguide coupling circuit for the input and output
resonators is carried out using the curves shown in Fig. III D-3 which
give the values of Q, as a function of spherical resonator diameter for
various standard rectangular waveguides. These curves were calculated
from formulas given in a previous report,* for the case where the sphere
is located at the center of the waveguide and close to the short-circuited
end.’

These curves can be used to obtain Q, when TE, ,-mode rectangulsr
guides of other than standard height are used, by applying the following
simple transformation:

.
The resonstor mey aleo be an integral number of half-wavelengths eway from the short-circuit. For breed
tuning renges, however, the position close to the short.circuit is probably desirable.
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e * Q x=— (III D-1)

where

Q, = External Q in working guide

Q, = External Q of standard guide, from Fig. III D-3
b’ = Height of working guide

b = Height of standard guide.

The curves can also be used for all different shapes of ellipsoidal

resonators. An equivalent sphere diameter D] is used to replace D  where
D! = 2(abc)” (111 D-2)

in which a, b, and ¢ are the semi-axes of the ellipsoid.

The curves are used for materials other than YIG, e.g., Ga-YIG, by

means of the following formula

YIG
Q% « ——x QYic (111 D-3)
”?'
where
QY!® « External Q with YIG, from Fig. III D-3
Q?' = External Q of -.teriai other than YIG

Uflc = Saturation magnetization of YIG (1750 gauss at
room temperature)

H?' Saturation magnetization of other material.

When the input and output waveguides have been designed to give the
desired response and insertion. loss, the filter is assembled. The di-
mensions of the coupling slot are adjusted experimentally to give the

desired degree of coupling between the resonators.

The dimensions of the coupling slot that are required for a given
value of coupling coefficient k depend on the spacing between the reso-
nators and the size of the resonators. Generally it is desirable to
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space the resonators as far apart as possible in order to minimize spu-
rious responses. This procedure, however, leads to a large coupling
slot and consequently to a lower off-channel rejection. A trade-off
(determined largely by experimental procedurenlﬁ is therefore necessary

between high off-channel rejection and spurious response.

The side-effects of the presence of the coupling iris in the common
waveguide wall between the two resonators are: (1) to cause the values
of Q, to be higher than those which are shown in Fig. III D-3, and (2)
to cause Q, to be higher than that which is measured when the coupling
iris is not present. The practical consequence of the existence of
these two side-effects of the coupling slots is to require some addi-
tional experimental adjustment of the waveguide and/or resonator dimen-
sions. Experience has shown that around 25-percent increase in the
value of Q, is obtained with typical coupling-slot configurations.

3. Design Example of a Waveguide Filter —A design is presented
below which demonstrates the application of the above principles to the
specification of the parameters for a filter with YIG resonators to
operate in the frequency range 8.8-12.3 Ge. The requirements of this
tunable filter are specified to be as follows:

fq = fy = 42 Mc
Q, * 2000

Response shape—Tchebyscheff, 0.2-db ripple
Attenuation at 190 Mc from center frequency = 30 db

Tuning range—8.8 to 12.3 Ge.

The pass-band center frequency, f,, varies as the filter is tuned
magnetically, so that it is necessary to choose for design purposes a
mean value of f, somevhere in the middle of the tuning range. A rea-
sonable choice is the geometric mean of the limits of the tuning range
fo - vB8.8(12.3) = 10.4. We determine, using standard data for responses
of lossless filters, that two resonators are needed to meet the
bandwidth specification. The estimated mid-band dissipation loss is
determined from Eq. (III B-4), inserting the low-pass prototype
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parameters (g,) for a two-pole low-pass filter with 0.2-db ripple
(g » 1, g, = 1.0378, g, = 0.6745, g, = 1.5386). Assuming Q,6 = 2000,
and inserting

fz_fl 42
' - e ——— E

fo 10,400

= 0.00405

into Eq. (III B-4), we get a value of dissipation loss L, = 0.9 db. The
external Q's, (Q,),, and (Q,), and the coupling coefficient k,, cal-
culated from Eqa. (III B-1) and (III B-2) are,

©), = (Q), = 256

ky, = 0.0049

Figure III D-3 is used to obtain the dimensions of the waveguide
and the YIG resonators. Using full-height X-band waveguide, we see from
the X-band 10-Gc line on the graph that in order to obtain a Q, value
of 256, as desired, spheres of about 0.090-inch diameter would be re-
quired if standard-height guide is used. Experience has shown that such
large spheres will be very vulnerable to higher-order magnetostatic
modes if operated at X-band. These modes result in spurious responses,
which can be quite objectionable. For this reason let us consider the
use of X-band guide with one-quarter of the standard height (i.e., with
b' = 0.25 x 0.400 = 0.100 inch). Then by Eq. (III D-1) we wish to find
the sphere diameter on the chart corresponding to Q, = Q.b/b' = 256 *
(0.400/0.100) = 1024. From the X-band 10-Gc line in Fig. III D-3 we
find that this height of guide requires 0.056-inch diameter YIG spheres.
In order to allow for the effect of the adjacent slot on Q, this sphere
should be increased a little in size, say to about 0.060 inch. A sphere
of this size should be considerably less vulnerable to higher-order
magnetostatic mode activity, and this is a reasonable size to use. In
order to match between the standard height and quarter-height guides a

step transformer should be used as shown in Fig. III D-1.

If the YIG spheres are very close together, the presence.of one
sphere will distort the biasing H-field of the other, and vice versa.
For this reason in this design it is desirable that the metal wall
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between the two spheres be fairly thick (say, of a thickness roughly
equal to or greater than the diameter of the spheres), in order to give
adequate separation between the spheres. A wall thickness of 0.060 inch
would be a reasonable choice in this case. The coupling slot between
the spheres in Fig. III D-1 should have a length of several times the
diameter of the spheres (say, 0.240 inch in this case) anda triel width
of leass than the diameter of the spheres (say, 0.040 inch in this case).
After the filter is assembled, the coupling slot between spheres, by
cut and try procedures, has its width increased until the desired cou-
pling is obtained. The initial cese with a 0.040-inch wide coupling
slot will almost surely give an under-coupled response, i.e., the re-
sponse will have one point of minimum attenuation and will have appre-
ciable reflection loss at that frequency. As the slot is made wider the
reflection loss at the minimum attenuation point will become less until
a perfect match is obtained at midband (except for a small VSWR due to
circuit loss). If the slot is widened further, an over-coupled responae
will result, i.e., there will be two points of minimum attenuation.
Since 8 0.2-db Tchebyscheff ripple was specified, the slot should be
widened until such a ripple is obtained. This cut-and-try procedure is
most essily carried out using s reflectometer and a swept generator.

If a waveguide device of handwidth greater than a normal waveguide
bandwidth is desired, a possible approach would be to use dielectric-
slab-loaded guide® in the input and output sections. This may be pref-
ersble to ridge guide since ridge guide would require a larger magnet

air gap.

E. STRIP-TRANSMISSION-LINE-COUPLED FILTERS

1. A Single-Resonator Filter Configuration—Figure III E-1(a)
shows a configuration which has been applied quiie widely to the design
of single-resonator magnetically tunable filters and limiters. 2® The
distance from the intersection of the strip-transmission-line center
conductors to the short-circuit should be made as short as possible to
minimize the electric coupling between the two transmission lines. Note
that the two strip lines are at right angles to each other in order to
waximize the off-resonance attenuation.
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INPUTS AND QUTPUTS

46



2. Multiple-Resonator Filter Configurations—Figures III E-1(b),
(c) and (d) show multiple-resonator filter configurations which have
been operated in the S-band (2-4 Gc) range. The side-wall-coupled ver-
sions in Fig. III E-1(b) and Fig. III E-1(c) have the advantage that
they require a minimum air gap distance over which the dc magnetic
biasing field is applied. The top-and-bottom-wall-coupled filter shown
in Fig. III E-1(d) has an advantage that good coupling can be obtained
between resonators without moving them to the edges of the strip lines
(which might help to excite higher-order magnetostatic modes). A ver-
sion of this top-and-bottom-wall-coupled filter exhibited good insertion-
loss, bandwidth, and off-channel rejection perforulnce.“ This configu-
ration does, however, require a larger magnet air gap and probably might

*

consume more electromagnet power than the side-wall-coupled version.

3. Design of YIG Filters with Strip-Line Inputs and Outputs—The
initisl steps in the design of strip-transmission-line-coupled filters
are the same as those used with waveguide-coupled filters. The resonator
material is chosen on the basis of the minimum tuning frequency using
Fig. III C-1, as explained in Sec. III-C. The values of (Q,), and (Q,),
are obtained from Eq. (IIl B-1). Some allowance is made, as in the wave-
guide case, for the effect of the coupling slot, which usually causes
Q, to be higher than the theoretical value. .

The strip-transmission-line dimensions are then determined which
give the required values of (Q,6), and (Q,),. The first step is to obtain
the spacing d between the strip center conductor and the ground plane,
and the resonator diameter D,. Figure III E-2 gives theoretical data
from which the required spacing d can be determined for agiven spherical
resonator diameter, where the strip line is of 50 ohms impedance. In
general it is desirable to keep the ratio of the resonator diameter to
the spacing d as small as possible in order to minimize the deleterious
effect of the conducting surfaces on Q,. However, in order to obtain
adequately low Q, values one cannot meke the ratio D./d too small.

This teatative conclusion, that the side-wall-coupled version would require less bias megnet pover
than the tep-and-bettem-vall-coupled verasions is based on the follewing reasoning. Although the velume
cocupied by the resonators is spprowimstely the same for both filter configurations, there will be mere
our,y required to bias the top-and-bettom-wall-coupled version, beceuse of the substantial smewnt of
field energy stored ia fringing fields, outside the region between the pole faces.
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For the configuration Fig. III E-1(b), the remaining strip-
transmission-line dimensions S,/2, S§,/2, and ¥, shown in Fig. III E-3,
are determined from charts of fringing capacitance given by Getsinger.®
The thickness, t, of the line is chosen as small as possible to minimize
these fringing capacitances. Also, S,/2 is chosen to be large enough
so that further increasing this dimension does not appreciably decrease
the fringing capacitance C;o which it contributes. Similarly, a value
of 81/2 which does not add an excessive amount of fringing capacitance
C;o compared to the total line capacitance C, is chosen. The width ¥
is calculated from the following formula:

] 2
i c, ¢, ¢
L _(1_1)(_-__12-L°) e
b € € €

in which € is the dielectric permittivity of region between center

conductor and shield, and b is the ground plane spacing.
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4. Design Example of a Two- DIVIDING WALL
Resonator Strip-Transaission-Line- ‘f'§ o ‘i % 1 N
N
N

3
) 3
Coupled Ftlter—Sup;.»os? that the b Yo-8,/2 -+ E
following characteristics are required s < !
of a two-resonator filter: 333000 s a a3 N
. pl—e W
Tuning range—2 Gc to 4 Ge b+ 0.2312in. '« 0.0h2in
Bandwidth between 3-db attenuation :f;: . 32’,‘: :: v T ozin
frequencies—20 Mc Aamr-a
Type of response—Maximally flat FIG. Ill E-3 LINE DIMENSIONS USED IN
Type of structure—Side-wall- INPUT AND OUTPUT
coupled resonators. , SECTIONS OF SIDE-WALL-
COUPLED RESONATOR
From Eq. (III B-1) FILTER
@1818¢ 1 x 1,414 x 1
- [ - = 202
@), @), » 0.0071
where
fa=fy
v o 210 2 | g0
. fo 2820

fo ® 2820 Mc is the geometric mean of the limits of the tuning range =

v2000 x 4000. From Eq. (III B-3),

0.0071
ky, » ——— = = 0.00495

w\Vg 8, 1 x V(1.41)7

k,;, is realized experimentally by adjustment of the dimensions of the
coupling iris.

The resonator material is chosen using the requirement that the
minimum center frequency is 2 Gc. From Fig. III C-1 a maximum 47l of
2150 gauss for a spherical resonator is seen tobe allowable. Yttrium-

. iron-garnet (47N, = 1750 gauss) satisfies this requirement; furthermore

its unloaded Q, Q, is quite high at frequencies as low as 2 Gc (see
Fig. III C-2). We then obtain the strip-transmission line center-
conductor-to-ground-plane spacing from Fig. III E-2 using Q, = 150 in
order to allow for a 33 percent increase due to the effect of
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the coupling iris. We choose the following combination of resonator

diameter and ground-plane spacing:

D = 0.074 inch

d = 0.110 inch

We follow the procedure outlined in Sec. III E-2 for calculating
the strip-transmission-line dimensions. We choose

t = 0.011 inch (#29 gauge)

§,/2 = 0.025 inch
S,/2 = 0.100 inch
b = 2d +¢ = 0.2312 inch

These choices give the following values of the fringing capacitances

cl

A
€

Cz

A = 0.56
€

Inserting these values in Eq. (III E-1) we get

¥y = 0.231 inch

The final cross-sectional dimensions of the strip-transmission-line

coupling section are given in Fig. III E-3.

F. CONSTRUCTION AND TESTING OF AN EXPERIMENTAL STRIP-
TRANSMISSION-LINE-COUPLED FILTER

1. Construction—The design example given in Part E was used to
construct an experimental two-resonator filter. Figure II1 F-1 shows

the important dimensions and arrangement of elements in the filter.
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FIG. Il F-1 SIDE-WALL-COUPLED FILTER

The two 0.074-inch diameter YIG resonators were attached to two
tuning rods as shown in Fig. III F-1. The tuning rods were attached
along a [110) exis of each YIG crystal, using the orientation technique

described in a previous reference. 1®

The strip-transmission-line input and output sections were con-
structed so that the filter could easily be disassembled for modifica-
tion, such as changing the dimensions of the coupling slot or replacing
the resonators with different materials and resonator sizes. With this
type of construction, i.e., using a demountable coupling plate, the
filter could easily be modified to construct the three-resonator filter
which is deacribed in Part G.
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2. Tuning of the Tvo-Resonator Filter —In two-resonator filters
such as the ones that have been described in previous reports, the reso-
nators were synchronously tuned by lining them up with their easy axes
of magnetization parallel to the dc magnetic field. In the case of the
two-resonator filter the boundary conditions “seen” by two identical
resonators are the same to within the tolerances of the dimensions of
the strip-transmission lines and coupling iris. The difference in the
resonant frequencies of the two resonators is kept to within 2 or 3 Mc
by using ordinary machining tolerances. In the case of the three-
resonator filter (to be discussed later), the center resonator sees
different boundary conditions from those seen by the end resonator, and
therefore it requires some tuning compensation. It is for this reason,
i.e., to provide a means for tuning the three-resonator version of thias
filter, that tuning rods were attached to the input and output reso-
nators of this two-resonator filter.

The tuning procedure for the two-resonator filter is as follows:
First, one of the resonators is removed from its mounting in the filter.
The filter is assembled and operated as a single-resonator filter in
which the output is very loosely coupled to the resonator, through the
coupling iris. The resonator is rotated while at the same time the
output of the filter is observed, keeping the frequency constant. At
each position of the rotation of the resonator a value of dc magnetic
field is found at which maximum output of the filter occurs. The re-
sults of this procedure can be represented by a tuning curve such as
the one shown in Fig. III C-3. The absolute values of the dc magnetic
field required to tune the filter will be somewhat lower than those
shown in Fig. III C-3 since the deta in Fig. III C-3 were taken in full-
height waveguide and do not include the field-lowering effects of the

nearby conducting walls of the filter.

The tuning rod is now adjusted to give a value of dc magnetic field
which is sbout half way between the minimum and maximum values. The
second resonator is now mounted in the filter and rotated until maximum
output is obtained. The alignment procedure was carried out at 3.0 Ge.
This tuning frequency was used in order that any departure from syn-
chronous tuning of the two resonators will be minimized in the 2- to
4-Ge range. It should be noted that when the filter is mounted within
a magnet that the direction of the biasing H field must be accurately
the same as when the filter is tuned or the resonators may become detuned.



3. Discussion of Experimental Results—Figures [1l F-2 and III F-3
show the response curves of the filter when it was tuned successively to
three different center frequencies, 2.000 Gc, 3.000 Gc, and 4.000 Ge.
Table III F-1 gives some of the other filter parameters, which are dis-
cussed in more detail below.

Table III F-1

MEASURED AND CALCULATED CHARACTERISTICS
OF TWO-RESONATOR SIDE- WALL-COUPLED FILTER

‘
i
{
]
i
t
;

Q. * »
fe | ®4duia | vswm_ | (cALcuLATED kg Ho a3 4p [ 3qan] 0
‘ (Ge) | (db) FROM MEAS- | (CALCULATED) | (osrsteds) | (Mc) (Mc) ¢
% : URED DATA) ,
ﬁ 2.000 | 4.0 1.9 - -- 714.17 26 117 --
; 3.000] 1.2 |11 1500 0.00472 1070 20 13 212
i 4000 | 1.0 |1.48 2050 0.00424 1427 25 121 | 236

.
The baadwidths given are wessured to the 3-db or 30-db points below (L, )lin'

Single-peaked responses (see Fig. III F-2) were obtained at f, =
3.000 Gc and 4.000 Gc. The VSWRs at these two center frequencies are 1.0l
and 1.48 respectively, indicating that the coupling was nearly critical
and giving a maximally flat response. Note that a double-peaked response
was obtained at 2 Gc.

The experimental response data around band center were used to cal-
culate the Q, of the resonators, assuming that the Q,'s are equnl.‘ and
that the frequency response shape is maximally flat. The values of Q,
calculated from the response are shown in Table III F-1 and slso in
Fig. III C-2.

The Q, of the resonators in this structure compares favorably with
the Q, of the same pair of resonators when they were mounted in the over-
lapping line strip-transmission-line filter previously reported. * These
values of Q_ for the overlapping construction were also shown inFig. II1C-2.
That filter had a 0.095-inch spacing between the strip center-conductor
and the ground plane. One might have expected a higher Q  to be obtained

It was shown in a previous report (see Table II-1 of Ref. 24) that the Q. of these two resomstors are
epproximetely equal,
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with the present greater center-conductor-to-ground-plane spacing

(0.110 inch). Such was not the case, however; the relative lower(Q, in the
present side-wall-coupled version may be due to the close proximity of the
dividing wall above the coupling slot and also to the fact that the cou-
pling slot in the overlapping line version was cut in the ground-plane

directly beneath the resonator. It was shown

on the overlapping-line
filter that the effect of the coupling slot in this position was to in-
crease the values of Q, to ahout 30 percent greater than those obtained

when the coupling slot was replaced with smooth conducting ground-plane.

This side-wall-coupled filter has a narrower pass band and a lower
insertion loss than the previously reported side-wall-coupled filter.

Part or all of the improvement in midband attenuation may be due to



the fact that one of the resonators used in the previous filter had a
lower Q, than either of the two resonators used in this filter.

The off-channel rejection at 60 Mc below band center at 2.0 Gc,
3.0 Gc, and 4.0 Gc center frequencies is 41 db, 40 db, and 33.5 db, re-
spectively. This amount of rejection would be quite useful for an image
response suppression in a tunable microwave receiver which had & 30 Mc
IF frequency.

A single spurious response occurs at a frequency which is 760 Mc
below the band center. This spurious response has recently been identi-
fied with considerable certainty to be due to the resonance of the 210
magnetostatic mode. The procedure used for identifying this mode is
useful since in this case, and possibly in others, it suggests a method
by which the spurious response may possibly be eliminated. The identi-
fication is based on a comparison between the dc magnetic fields required
to resonate the uniform precession, i.e., the main response, and the
higher-order mode spurious response. The theoretical values of these
resonating fields have been calculated for many of the magnetostatic
modes of a ferrimagnetic sphere and mode charts have been plotted which

are useful for mode identification.?®

The field required to resonate the uniform precessional resonance
mode is strongly influenced by the presence of the conducting boundaries
of the strip transmission line. The same influence affects the resonating
fields required for the higher order magnetoststic modes. This effect
makes the identification of the modes from the absolute values of the
resonating fields rather difficult. We note, however, in Fig. II1I F-3
that the difference in frequency between the main resonance, i.e., band
center, and the most prominent spurious response is constant, and equal
to 760 Mc. If we examine a magnetostatic mode chart of the type published
by Fletcher® we observe that the 210 mode is approximately 650 Mc away
from the uniform precessional resonance mode for a tero-anisotropy ferrite.
The 110 Mc discrepancy might be explained by boundary effects, by anisot-
ropy or by a combination of both. Further evidence that this 210 mode
identification is correct is obtained (1) from a study of the dc magnetic
fields required for resonance with fixed frequency, and (2) from a study
of the distribution of RF magnetiszation in the suspected mode. For a
study of the fields, data from Fig. IV E-2 of Ref. 8is used. Table ITI F-2
gives values of the fields H;ll°’ and H;2l°’ at the peaks of the main
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Table 1II F-2

DC MAGNETIC BIASING FIELDS AT MAIN
AND SPURIOUS RESPONSE, PEAKS
Data taken from Fig. IV E-2 of Ref. 8

Io ”((’110) ”‘()210) ”.(,210) - ”((’110)
(Ge) |(oerateds) [(oersteds) (oersteds)
2.100 470 130 260
3.100 780 1025 245
3.900 1080 1290 210

response and strongest subsidiary response, reapectively, of the side-
wall-coupled filter discussed in Ref. 8. The theoretical value of
”5210)..”5110) is 235 oersteds, and is independent of the frequency and
of the anisotropy.? Thia value compares quite closely to the experi-
mental values in Table III F-2.

Figure III F-4 is a cross section of a ferrimagnetic sphere showing
the distribution of the m, component of RF magnetization of the 210 mode.
The RF magnetization is circularly polarized, i.e., m, = jm_ and there
is no variation of either a,  or ", in the x or y directions. The
RF magnetization is a linear function of the vertical distance z from
the equatorial plane of the sphere. Excitation of this mode could there-
fore be eliminated and this spurious response avoided by locating the
resonator in an RF driving field which has even aymmetry with respect
to the equatorial plane. One way to achieve this would be to use a
balanced transmission linre type of coupling structure, where the reso-

nator was mounted between the

W, z center conductors, as shown in
l Fig. III F-5. This type of
- - transmission-line structure
AU, I, INCREASES LINEARLY
R wiTH 2 has a symmetry plane through
prepengyl bapan ' the center of the structure
e hethey and through the equatorial
s s
plane of the resonator. The
main disadvantage in this par-

A-3527-39 . . .
ticular structure is that it

FIG. Il F-4 DISTRIBUTION OF THE RF requires the use of a very
MAGNETIZATION IN THE 210 MODE broad-band balancing network
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FIG. Il F-5 A POSSIBLE STRUCTURE TO ELIMINATE THE
210 MODE SPURIOUS RES PONSE

to transform between the coaxial line input and the balanced strip-
transmission line structure. One such balancing network has been
reported. ¥

The bandwidths between 3-db insertion-loss frequencies and between
60-db insertion-loss frequencies, which are listed in Table III F-1,
are nearly the same at all three center frequencies. The slightly
larger 3-db bandwidth at f, = 2.0 Gc may be due to the detuning of the
resonators, as discussed above. It is not well understood why this
constant bandwidth occurs, since it requires that the coupling coeffi-
cient k,, between the resonators decrease and that the external Q, 0,
increase by equal factors as the center frequency is increased, i.e.,
that k,,Q, = constant. As the frequency is increased, the strip-
transmission-line conducting boundaries must exert a greater shielding
effect on the resonstor, causing it to couple less strongly to the
center conductor and also to couple less strongly to the other reso-
nator by way of the coupling slot.

The values of the external Q, which are obtained by calculation
from the measured responses at 3.0 Gc and 4.0 Gc are equal to 212 and
236 respectively. These measured Q,'s compare reasonably well with the
theoretical value Q, = 200 given by Fig. III E-2. The validity of the
procedure used to design the transmission line coupling section to give
a designated value of Q, appears to thus be further validated by the
weasured results which were obtained with this filter.

The attenuation of this filter at frequencies far away from the
pass-band center frequency depends entirely on the dimensions, i.e.,
thickness, length, and height of the slot in the side wall between the




resonators. It is desired, as a design objective, to achieve the maxi-
mum attenuation that is possible with a given degree of coupling hetween
the resonators. If we examine this coupling pioblem we see that the
following guidelines may be followed to achieve this objective of high
off-channel attenuation:

(1) Make the slot as long as practical,

(2) Make the height of the slot as small as possible and
the thickness as large as possible,

(3) Place the resonators as close to the slot as possible
consistent with other requirements, namely, spurious
mode suppression.

The reasoning behind the first two guidelines is as follows: Up to
s point, lengthening the coupling slot will increase the coupling be-
tween the spheres with relatively little effect on the off-pass-band
attenuation. The coupling slot should therefore be made as long as pos-
sible in order to achieve the desired inter-resonator coupling. The
maximum length of the slot is limited to twice the distance between the
center of the resonator and the short-circuit, because the input and
output lines are brought in from opposite directions. If the two lines
were placed side by side with their inputs at the same end of the filter,
the coupling slot could be made even longer to obtain the maximum smount
of inter-resonator coupling with a given minimum off-channel rejection.

The shielding, i.e., coupling between the two lines can be inter-
preted in terms of the coupling between the electric or magnetic field
lines of the two center conductors. It is apparent that, since the
resonator is directly adjacent to the coupling slot and the strip
transmission line is above the resonator, reducing the height of the
slot will reduce the coupling between the center conductors more than

it reduces the coupling between the resonators.

Close spacing between the resonators is desirable according to
Guideline (3) above so that the slot can be made thick and narrow ac-
cording to Guidelines (1) and (2). The inter-resonator spacing may not,
however, be reduced below that spacing which starts to cause excessive
spurious responses or which starts to degrade the Q  excessively.

These guidelines in the design of the coupling slot were recognized
and followed in the design of this version of the side-wall-coupled
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filter. Some previous experimental study of the effect of varying the
dimensions of the coupling slot in the side-wall-coupled filter has al-
ready been reported which confirms these guidelinea.“

G. DESIGN, CONSTRUCTION, AND TESTING OF THREE-
RESONATOR FILTER

Additional resonators are often required in band-pass filters in
order to increase the rate at which the attenuation increases with fre-
quency outside of the pass band. The addition of athird resonator enhances
this "

skirt selectivity,”

as it is sometimes called, considerably. For in-
stance, with a 1-db ripple overcoupled response, the ratio of the 30-db bandwidth
of the two-resonator case to the 30-db bandwidth of the three-resonator case is
4.7:2.3 = 2.43. This increase in selectivity is often gained at a neg-

ligible cost in increased pass-band center-frequency attenuation.

1. Design and Construction of Center Resonator Section—The addi-
tion of a third resonator to the two-resonator side-wall-coupled filter
configuration was accomplished quite simply in this case by replacing
the two-resonator filter coupling plate with a center section containing
the center resonator. The end result was to convert a two-resonstor
structure of the form in Fig. III E-1(b) into a three-resonator struc-
ture of the form in Fig. III E-1(c). The height of the region containing
the middle resonator was made the same as the spacing between the strip
lines and the ground planes. In this manner the center resonator sees
boundary conditions very similar to those seen by the end resonators.
The thickness of the plate containing the center resonator was chosen
so that the three spheres would be spaced by an amount spproximately
equal to the spacing between the spheres in the two-resonator design. In
this particular filter this gave satisfactory results though in some
cases further adjustment of the sphere spacing might be desirable in
order to obtain a desired response shape. As shown in Fig. III G-1, the
length of the region containing the center resonator was made to be
0.400 inch, the same as the length of the coupling slot in the previous
two-resonator version of this filter. The center resonator was mounted
on a 0.062-inch diameter Rexolite rod, which was in turn inserted through
and glued to a brass mounting plug. The resonator was mounted so that
its [110] crystal axis was parallel to the Rexolite rod, ' 50 that the
resonator could be tuned in the same manner that the end resonators were
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tuned. The block with the center resonator shown in Fig. III G-1 was
used to replace the dividing wall and coupling slot in Fig. IIl F-1.
The assembled three-resonator filter is shown in Fig. III G-2. The rod
protruding at the top was used for rotating the adjacent end resonator
in order to tune it, as previously discussed.

2. Tuning of Three-Resonator Filter —The following procedure was
used to align the three resonators to obtain synchronous tuning. The
center resonator was removed and the two input and output resonators
were rotated on their tuning rods to obtain synchronous tuning at a
position such that the dc magnetic field required was approximstely
sidway between the minimum and maximum values on the tuning curve. The
condition of synchronous tuning was determined by measuring the inser-
tion loas of the structure, minus the center resonator, as a function
of field. The circuit gives a sharp single-peaked response when the
two resonators are synchronously tuned; otherwise it yields a double-
peaked response. The third center resonator was then added and was
tuned until e three-peaked response resulted. This tuning procedure
was carried out at f, » 3.0 Gc. The tuning rods were thereafter affixed
securely to the body of the filter with the epoxy cement.

The input and output resonators in the three-resonator filter were
in the same position that they occupied in the two-resonator filter.
The center resonator was placed in the middle of the filter section.
The distance between the centers of adjacent resonators was therefore
0.177 inch. This distance is almost exactly the same as the distance
between the centers of the resonators of the two-resonator filter.

3. Performance of Three-Resonator Filter —The responses of the
filter were messured at several center frequencies throughout the 2.0-
8.0 Gc frequency range. These performance data are shown in Figs. 111 G-3
and III G-4. The response data were taken in all cases by varying the
dc biasing field while keeping the frequency constant. By this means
the problems of detector calibration and veariation of signal generator
output over a wide band of frequencies were avoided. The responses
around band center shown in Fig. III G-3 were measured by automatically
aveeping the biasing field across the resonant field value for the given
signel frequency. The output of the crystal was fed into a logarithmic,
strip recorder which had a 40-db dynamic range. Besides measurements
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made with a swept magnetic field, measurements were made at various
frequencies using fixed fields in order to accurately determine the
frequency bandwidths at various tuning points and the mid-pass-band
attenuation. These data are shown in Table III G-1. The responses
shown in Fig. III G-4 were measured as the field was varied manually.
No attempt was made to measure the exact shape of the various peasks of
the main and spurious responses; the purpose of these plots was to show
their position and intensity. In order to expedite the measurements in
Fig. III G-4 the dc magnetic field was measured with a rotating coil
gaussmeter (which has an absolute accuracy of only a few percent).

Table TII G-1
CHARACTERISTICS OF THREE-RESONATOR FILTER

. THEOR.

Te | %a'0in |23 ab{ 230 ab | vawn | %4 min L
(Ge) (db) (Me) (Mc) (db) (oersteds)
20| 3.5 32.9°] 91.4 |2.50 .- 610
2.5 1.1 34.2 | 90.1 -- -- 867.1
3.0 17 33.6 | 90.6 {1.23] 1L5s7 990
40| 1.4 309 | 87.2 |10 ]| 1.7 1310
5] L6 24.0 | 89.1 -- -- 1586.8

7.0 1.6 29.6 -- -- -- -

.
The bandwidths given are measured to the 3-db or 30-db poimt

below (l").h.

Perhaps the most important conclusion that was reached as a result
of this study of a filter containing three resonators is that synchronous
tuning can be maintained over a wide tuning range. This was accomplished
by making the boundary conditions as similar as possible for the three
resonators and then tuning out the remaining differences in resonant fre-
quency by orienting the crystal axes with respect to the dc magnetic
field. The band-center response curves indicate that the resonators
“tracked” quite well all the way up to at least 7.0 Gc. It seems re-
markable that this degree of synchronism was maintained over such a
large tuning range when we observe that the electrical environment of
the input and output resonators actually differs substantially from that
of the center resonator. It can be inferred from these experimental
results that it is probably possible to maintain synchronous tuning over

a wide tuning range with an arbitrary number of resonators.
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The factors which appurently limit the tuning range of this particu-
lar side-wall-coupled filter to frequencies under around 4.5 Gc are the
spurious responses. Thease spurious responses in the f = 5.0 Gc attenua-
tion characteristic can be seen in Fig. III G-4(f) and are undoubtedly
due to higher-order magnetostatic modes. If these subsidiary peaks were
due to detuning of the three resonators the attenuation at the band center
would increase considerably; actually it remains quite low.

The spurious responses are most intense when they are close to the
main resonance and are usually quite weak farther away from the band
center. The reason for this is that the individual magnetostatic modes
are coupled together weakly, due to propagation effects and the effects
of the conducting boundaries of the filter, which cause the RF fields
around the resonator to be non-uniform. Strong interaction occurs only
when the resonant frequencies of the two modes are separated by a fre-
quency difference which is very small compared with the average of the
two resonant frequencies. An examination of the magnetostatic mode chart
for a ferrimagnetic sphere® shows that many magnetostatic modes occur
very close to the main (i.e., uniform precession) resonance in the 4.5-
to 5.5-Gc range. The mode chart® shows that they cross the uniform pre-
cession resonance moving from the low-frequency side to the high-frequency
side of the uniform precession resonance as the uniform precession reso-
nance frequency is increased by increasing the dc magnetic field. The
degree of interaction between two modes is a function of the strength of
the coupling between the modes and the Q's of the modes as well as the
frequency separation between the modes. The degree of coupling thus
depends on the degree to which the RF fields are distorted due to the
conducting boundaries. Fletcher™ has shown that the coupling between
the modes which is due to propagation effects is proportional to (hR.)’
where k is the free space propagation constant, 2w/ho, and R, is the
radius of the resonator. It is obvious from this fact, thet it is desir-
able to keep the size of the resonator as small as possible both in order
to minimize intermode coupling due to boundary effects and due to propa-

gation effects.

Figures IIT G-4(a) to (f) indicate that this filter has an extremely
high rejection at frequencies far removed from band center. At all center
frequencies, the off-channel rejection was beyond the maximum value that
could be measured with the available experimental setup. The lowest of
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these values was 52 db at 4.0 Gc. At all other frequencies the off-
channel was at least 60 db. Since the off-channel rejection is likely
to be fairly insensitive to frequency, it is quite likely that the off-

channel rejection is actually >60 db at all frequencies.

Table III G-1 shows the measured attenuation at band center and
the VSWR.at band center. The VSWR was low except at f = 2.0 Gc where,
it is suspected, the resonstors are undercoupled and are also slightly
detuned. The measured dissipation loss values for this filter are also
shown in Table III G-1. Alongside the measured values are those values
of attenuation calculated from the response parameters [i.e., bandwidth,
degree of overcoupling, using Eq. (III B-4)] which would result if all
three resonators had the same Q, as was obtained with the two-resonator
filter (see Fig. III C-2). The good agreement between these messured
attenuation values and the values calculated from the two-resonator
filter Q 's shows that the filter is performing as might reasonably be
expected. In fact the attenuation performance is somewhat better than
might be expected when the slightly wider linewidth® of the center reso-
nator (AH = 0.60 oer. at f = 4.4 Gc) is taken into consideration. Evi-
dently the Q, of the center resonator is not degraded by the cenmter
section conducting boundaries to the same degree as the input and output
resonators are degraded by the strip-transmission line conducting

boundaries.

The 30-db bandwidth of the filter stays quite constant over the
tuning range, a fortuitous result for many applications. The ratio of
the 30-db bendwidth to the 3-db bandwidth runs around 2.8 for the three-
resonator filter design as compared to around 5 for the two-resonator
filter design. Although the cutoff rate was considerably sharper for

the three-resonator design, the performance of the three-resonator filter

was probably not optimum in this respect because of a small amount of
mistuning end because no effort was made to optimize the shape of the
pass-band response for optimum rate of cutoff. Filters designed to cor-
respond to equal-element prototypes® would probably be desirable for
most tunable filter applications. Such filters would result in minimum

midband dissipation loss for a given specified 30-db (or other specified

level) stop-band width. In the case of the two- and three-resonator

.
Measured in G-band full-height rectangular waveguide.
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filters discussed herein, the three-resonator design has a 30-db band-
width, which is about 23 percent less than that for the two-resonator
design, but the three-resonator design has somewhat larger midband
attenuation. By further optimization of the design, to correspond to
an equal-element prototype, it should be possible to reduce the midband
loss somewhat.
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IV CONCLUSIONS

A. BAND-STOP FILTERS

The exact method for the design of band-stop filters discussed in
Sec. II was demonstrated to be straightforward and potentially of great
practical value, Even in the narrow-stop-band case, where an approxi-
mation was introduced by way of using reactively coupled stubs, very
good accuracy in the stop-band width and the size of pass-band
Tchebyscheff ripples was obtained. The straightforward design equations
that were presented should make it possible for these design methods
to be very widely used, since the design procedure is simple and requires
little special knowledge.

B. MAGNETICALLY TUNABLE FILTERS WITH FERRIMAGNETIC RESONATORS

Reasonably good agreement has been obtained between the experimental
data and the various design charts that were presented. Although the
design procedures that were outlined involve a certain amount of cut
and try in determining the sizes of coupling slots between spheres,
experimental procedures appear to be unavoidable since the boundary
value problem involved is very complex. The experimental procedures
outlined provide a very practical epproach to determining coupling
iris size. However, the theoretical curves for finding the proper sise
of sphere to use in order to obtain a given external Q were found to be

of considerable help in designing the input and output strip lines or
waveguides.

The results in Sec. III show that magnetically tunable filters with
almost any number of resonators should be possible. The tuning techniques
described were shown to be practical, and the experimental results verify

that the filter will stay in tune as the magnetic field is varied across
a wide range.
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PROGRAM FOR THE NEXT INTERVAL

It is anticipated that the work for the next interval will include:

(1)

(2)
(3)
(4)

(S)
(6)

Further work on filters with magnetically tunable
garnet resonators

Further
Further

Further
filters

Further

Further

work
work

work

work

work

on

on

electronically tunable up-converters
band-stop filters

comb-line filters and loaded interdigital

multiplexers

the microwave filter book.
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